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Abstract 
Polycrystalline layered α-titanum phosphate, α-Ti(HPO4)2·H2O, has been obtained under H3PO4(aq) 
reflux conditions, and its intercalation compound with propylamine, α-Ti(HPO4)2·2C3H7NH2·H2O, was 
used for trapping luminescent Eu-centers in two-dimensional confined space. All materials were 
characterized by X-ray powder diffraction (XPD), scanning electron microscopy (SEM), solid-state 
nuclear magnetic resonance (SS-NMR, 
31
P MAS and 
13
C CPMAS) and thermogravimetric analysis 
coupled with mass spectrometry (TG-MS). Moreover, the activation energy of thermal decomposition has 
been calculated as a function of the extent of conversion, applying both a modified Friedman method 
developed in our Lab and the advanced nonlinear method proposed by Vyazovkin. 
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1. Introduction 
α-Ti(HPO4)2·H2O (α-TiP) was the subject of continuous study over the past fifty years. The 
pioneering studies on this material were conducted by Alberti in his Lab at the University of Perugia 
(Italy) [1,2] and emerged in the wake of the work of the Clearfield Lab (USA) on zirconium phosphates 
[3]. The contributions of the Soviet school, particularly the Chernukov Lab in Nizhni Nóvgorod (Russia) 
have also to be mentioned [4]. In this context, our group at the University of Oviedo (Spain), published its 
first articles on this topic at the beginning of the 1980s [5-7].  
According to the excellent review of Clearfield and Díaz [8], the first report of a crystalline form of 
zirconium phosphate was in 1964. Up to that time, only an amorphous white fine powder was known. The 
transformation from the amorphous to crystalline form is a slow process. It is therefore possible to control 
the size of the particles from very small, approximately 50 nm, up to micro-size and even to large 
crystals. These particles are layered and exhibit the ability to exchange positively charged species for 
protons, to undergo intercalation behaviour and exfoliation of the layers. In addition, it has been shown 
that the surface of the particles may be functionalized by bonding to silanes, isocyanates and epoxides, 
and this bonding may even be extended to phosphates and phosphonic acids after replacing the surface 
protons by Zr
4+
 or Sn
4+
. Attachment of a functional group to the surface bonding ligands including 
phosphates or phosphonic acids, allows using this large class of functionalized materials for a variety of 
applications. Because of the extraordinary properties of this compound, a great variety of potential and 
realized uses have been invoked. As a result, from 1964 to the present, more than 10,000 scientific papers 
have been published describing the chemistry and applications of this remarkable compound. This 
phenomenon continues as every year a few hundred new papers appear in the chemical literature.  
In our Lab, both α-TiP [9,10] and its propylamine intercalation product, α-Ti(HPO4)2·2C3H7NH2·H2O 
(α-TiPPr) [11-13], have been previously synthesized and characterized. On the other hand, the treatment 
of α-TiPPr with europium(III) nitrate solutions, involving an ion-exchange process between 
propylammonium cations, C3H7NH3
+
, and hexahydrate europium(III) species, [Eu(H2O)6]
3+
, has led to a 
new luminescent material (α-EuTiPPr) [14]. 
Despite the large volume of information obtained in recent decades, the kinetic studies on the thermal 
decomposition processes of layered titanium phosphates are relatively scarce [15-18]. This contribution 
reports the kinetic features of thermo-oxidative decomposition processes of the three aforementioned 
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materials: α-TiP, α-TiPPr, and α-EuTiPPr. 
 
2. Experimental procedures 
All chemicals used were of reagent grade. MilliQ water was used throughout the experiments. α-
TiP was obtained by the method described by Alberti et al. [1], using 10 M H3PO4 and amorphous 
titanium phosphate (PO4/Ti = 1.3) heated under reflux for 50 h. Propylamine intercalation compound, α-
TiPPr, was obtained by placing α-TiP in an atmosphere saturated with propylamine vapor during 6 days 
at room temperature [11]. α-EuTiPPr was prepared by equilibrating α-TiPPr with 0.1 M europium nitrate 
Eu(NO3)3·5H2O solution (T = 25.0 ± 0.1 ºC, t = 72 h, solution/solid ratio = 20 mL/g) [14]. 
The phosphorus and titanium contents of the solids were determined by inductively coupled plasma 
mass spectrometry (ICP-MS) analysis (Finnigan, Element model) after dissolving a weighed amount in 
HF(aq). Microanalytical data (C and N) were determined by an Elementar Model Vario MACRO 
elemental analyser. Elemental analysis (wt%) for α-TiP: P 23.9, Ti 18.6 (calculated for Ti(HPO4)2·H2O: P 
24.03, Ti 18.56), α-TiPPr: P 16.7, Ti 12.8, C 18.8, N 7.3 (calculated for Ti(HPO4)2·2C3H7NH2·H2O: P 
16.47, Ti 12.73, C 19.16, N 7.45), and α-EuTiPPr: P 13.7, Ti 10.8, Eu 24.0, C 2.5, N 0.9 (calculated for 
[Eu(H2O)6]2/3Ti(PO4)2·[(H2O)6]1/3: P 14.85, Ti 11.47, Eu 24.28).  
Powder diffraction studies. Room temperature X-ray powder diffraction (XPD) patterns were 
collected on an X’Pert PRO MPD X-ray diffractometer with PIXcel detector, operating in the Bragg-
Brentano (θ/2θ) geometry and using CuK radiation (λ = 1.5418 Å).  
Electron microscopy studies. SEM images were obtained by using JEOL 6610VL scanning electron 
microscope operating at 20 kV and equipped with an X-Max Silicon Drift Detector for EDX analysis. 
Solid-state nuclear magnetic resonance studies. Room temperature SS-NMR spectra were collected 
on a Bruker AVANCE III 400 equipped with a 4-mm wide-bore MAS probe, operating at 
31
P resonating 
frequency of 161.97 MHz and 
13
C resonating frequency of 100.64 MHz. Samples were packed in zirconia 
rotor with Kel-F tape. 
31
P MAS NMR spectra were acquired at 8 kHz spin rate. The relaxation delays 
were 20 s and number of scans of 100. All the spectra were referred to NH4H2PO4 (= 0.9 ppm) as 
external standard for chemical shift calibration. 
13
C CPMAS NMR spectra were acquired at 5 kHz spin 
rate. The relaxation delays for all spectra were 5 s and number of scans 100. Chemical shift was 
externally referenced to the 43.5 ppm resonance of glycine.  
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Thermal analysis. A Mettler-Toledo TGA/SDTA851
e
 was used for the thermal analyses in a dynamic 
oxygen atmosphere (50 mL min
-1
) at several heating rates (β = 2.5, 5, 10, 20, 40 K min-1). In all cases, ca. 
15 mg of powder sample was thermally treated, and blank runs were performed. A Pfeiffer Vacuum 
ThermoStar
TM
 GSD301T mass spectrometer was used to determine the evacuated vapours. The masses 18 
(H2O), 44 (CO2) and 59 (C3H7NH2) were tested by using a detector C-SEM, operating at 1200 V, with a 
time constant of 1 s. 
Determination of kinetic parameters. The kinetics of many solid-state reactions involving a change 
of mass can be described by the basic equation  
d𝛼
d𝑡
= 𝐴 exp (−
𝐸
𝑅𝑇
)  𝑓(𝛼)                                                            (1) 
where 𝛼 is the extent of conversion, t is the time, T is the temperature, 𝐴 is the Arrhenius factor, 𝐸 is the 
activation energy, R is the universal gas constant and 𝑓(𝛼) is the reaction model. Although the 
mechanisms in solid state reactions are usually very complex and tend to involve several steps, Eq (1) 
represents a simple kinetic model which can be used to describe an approximation of the kinetics of the 
process [19-21].  
Many methods have been developed in order to estimate the kinetic parameters and nowadays, one 
can say that the most reliable results are provided by isoconversional methods. These methods are based 
on the isoconversional principle that states that the reaction rate depends only on the temperature for a 
given value of the extent of conversion. Several runs with different heating programmes, usually with 
constant heating rates 𝑇 = 𝑇0 + 𝛽𝑖𝑡, are carried out and then the values of the activation energy are 
computed from experimental data. 
The differential method of Friedman comes from Eq. (1) by taking logarithms  
ln ((
d𝛼
d𝑡
)
𝛼,𝑖
) = ln(𝐴𝑓(𝛼)) −
𝐸𝛼
𝑅𝑇𝛼,𝑖
                                                      (2) 
where 𝑇𝛼,𝑖 denotes the temperature at which 𝛼 is reached for the i-th heating program. Then, by plotting 
ln ((
d𝛼
d𝑡
)
𝛼,𝑖
) against 1/𝑇𝛼,𝑖, the value of 𝐸𝛼  can be estimated. As is well-known, a drawback of this 
procedure is its sensitivity to noise, in particular, when it is applied to data coming from 
thermogravimetric analysis (TG).  
In order to decrease the effects of noise, a modified procedure (MFR) was proposed by Huidobro et 
al. [22]. The underlying idea is, for a given value of 𝛼, to consider not only the data corresponding to 𝛼 
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but including data of surrounding points. So, five points  𝛼1 = 𝛼 − 2∆𝛼,  𝛼2 = 𝛼 − ∆𝛼,  𝛼3 = 𝛼, 𝛼4 =
𝛼 + ∆𝛼,  𝛼5 = 𝛼 + 2∆𝛼, for n heating programmes, are considered and Eq. (2) leads to 
ln (
d𝛼(𝑡𝑘,𝑖)
d𝑡
) =  ln(𝐴 𝑓(𝛼𝑘)) −
𝐸
R𝑇𝑘,𝑖
 , 𝑘 = 1, … ,5                                                       (3) 
These five points are very close and assuming that variations of the activation energy over the interval 
[𝛼1, 𝛼5] are neglected, Eq. (3) involves five different straight lines with the same slope 𝑚 = −𝐸/𝑅. Thus, 
we can find the slope by fitting to the experimental data for all these points simultaneously rather than 
only for 𝛼. This method can be applied to a different number of points. 
Integral isoconversional methods are based on an integral of Eq. (1) 
𝑔(𝛼) = ∫ exp (−
𝐸
𝑅𝑇
)
𝑡𝛼
𝑡0
dt                                                                     (4) 
where 𝑔(𝛼) = ∫ [1 (𝐴𝑓(𝛼))⁄ ]
𝛼
0
dα. The integral on the right-hand side of Eq. (4) is known as temperature 
integral and does not have an analytical solution and, for this reason, several approximations have been 
proposed giving rise to different methods. Although some of them are very popular [23], they have been 
criticized because of the inconsistency of their formulation, particularly when the activation energy 
changes with the extent of conversion [24,25].  
The non-linear advanced method proposed by Vyazovkin [24,26] is one of the most accurate 
procedures for kinetic analysis. For a small increment of conversion ∆𝛼 and assuming that 𝐴 is constant 
over the interval [𝛼 − ∆𝛼, 𝛼], integration of Eq. (1) with respect to 𝑡 gives 
∫
1
𝐴𝑓(𝛼)
𝛼
𝛼−∆𝛼
d𝛼 = 𝐽(𝐸𝛼)                                                          (5) 
where 𝐽(𝐸𝛼) = ∫ exp (−𝐸𝛼/𝑅𝑇)
𝑡𝛼
𝑡𝛼−∆𝛼
 𝑑𝑡. Then, for a given value of 𝛼 and several runs 𝑖 = 1, … 𝑛, the 
𝐽𝛼,𝑖’s should be equal. To obtain 𝐸𝛼  Vyazovkin proposed the minimization of the function 
Φ(𝐸𝛼) = ∑ ∑
𝐽𝑖(𝐸𝛼)
𝐽𝑗(𝐸𝛼)
𝑛
𝑗≠𝑖
𝑛
𝑖=1
                                                             (6) 
Numerical integration has been used to evaluate 𝐽(𝐸𝛼). 
 
3. Results and discussion 
XPD analysis shows that α-TiP is highly crystalline (Fig. 1a) with the first characteristic peak at 2θ = 
11.65° (d002 = 7.58 Å) corresponding to its interlayer distance. In α-TiPPr, the basal spacing increases up 
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to 16.9 Å (Fig. 1b) as a consequence of the propylamine intercalation as a bimolecular film [11] in which 
the terminal amino groups are protonated by the POH groups and the carbon chains are roughly inclined 
by 59° to the titanium phosphate layers, showing a similar packing to that reported for γ-titanium 
phosphate intercalation compounds [27,28]. α-EuTiPPr presents a structural order in the direction 
perpendicular to the plane of the sheet with a diffraction peak at 2θ = 7.33º corresponding to a d-spacing 
of 12.0 Å (Fig. 1c). This new peak was attributed to the formation of an Eu-phase with the idealized 
formula [Eu(H2O)6]2/3Ti(PO4)2·[(H2O)6]1/3, where [Eu(H2O)6]
3+
 occupying 2/3 of the pseudo-zeolitic 
cavities so as to counteract the negatively charged titanium phosphate layer, while the rest of the pseudo-
zeolitic cavities (1/3 of the total) are supposed to be occupied by water molecules [14]. 
SEM images (Fig. 2) show that all three samples present a platelet-like pseudo-hexagonal 
morphologies typical of the layered metal phosphates [29], indicating that in this case both intercalation 
and ion-exchange processes preserve the sheets integrity of the α-titanium phosphate.  
The 
31
P MAS NMR spectrum of α-TiP (Fig. 3a, Table 1) shows two partially resolved peaks that 
according to the crystal data, correspond to two inequivalent HPO4 groups in titanium phosphate layers 
[10]. After treatment with propylamine, the 
31
P MAS NMR spectrum became substantially different for α-
TiPPr. The former two signals transformed into a dozen peaks (Fig. 3b, Table 1), indicating a high 
disorder of the propylamine molecules in the interlayer space. The 
13
C CPMAS NMR spectrum of α-
TiPPr (Fig. 4a) displays three resonances at ca. 41.3, 21.8 and 11.6 ppm, which correspond to three 
different carbon types (and ) in the propylamine, indicating that the intercalated propylamine is 
protonated [30]. However, the titanium phosphate sample containing europium (α-EuTiPPr) does not 
present any relevant signal in the 
13
C CPMAS NMR experiment (Fig. 4b). The carbon content in the 
sample is below the sensitivity of the NMR experiment used in the measurements of 
13
C. The 
31
P MAS 
NMR spectrum of α-EuTiPPr shows fairly broad peaks in the range between 0 ppm and -40 ppm (Fig. 3c, 
Table 1) and provides very little information, probably as a result of two assistant effects: the disorder in 
the interlayered space occupied by one layer of cationic species and the local magnetic field in the 
environment of the europium(III) cations.    
Figure 5 displays the TG-DTG curves for the three studied materials. The DTG curve of α-TiP (Fig. 
5a) shows two minima, the first corresponds to the loss of hydration water at ca. 495 K and the second is 
due to the elimination of condensation water at 795 K, with a total mass loss of 14.5% (calculated for 
Ti(HPO4)2·H2O: 13.95%). The TG-DTG curves of α-TiPPr (Fig. 5b) show a complex decomposition 
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behavior from the beginning of the process up to obtaining the final titanium diphosphate phase (TiP2O7) 
with a total mass loss of 39.5% (calculated: 40.96%), and the probable formation of several α-
Ti(HPO4)2·xC3H7NH2 (x = 2.0, 1.7, 1.3, 1.0, and 0.5) intermediate phases [31]. The first DTG peak at 353 
K is associated with the loss of the hydration water, while the signals in the 400-1000 K range are related 
to the loss of both propylamine and condensation water (see MS-data: H2O and C3H7NH2 signals, in Fig. 
6a). Finally, the last peak (at 1173 K) corresponds to the combustion of organic matter occluded in the 
compound (see CO2-signal, in Fig. 6a), as previously reported for other amine-metal phosphates [32].  
The TG-DTG curves of -EuTiPPr (Fig. 5c) show that the material decomposes in several 
overlapping steps with water evacuation from room temperature up to 1000 K (see MS-data, in Fig. 6b). 
In addition to the loss of water, at 500-600 K, the loss of propylamine is also observed according to the 
elemental composition data (see Table 1 in Ref. [14] where the residual amounts of organic matter in -
EuTiPPr are reported). Again, the combustion of small amounts of organic matter trapped on the 
collapsed solid is also observed at high temperatures (ca. 1200 K). 
The kinetic study for the thermo-oxidative decomposition of the three materials (α-TiP, α-TiPPr, and 
α-EuTiPPr) was performed using thermogravimetric data obtained in air atmosphere at several constant 
heating rates (β = 2.5, 5, 10, 20, 40 K min-1). The kinetic evaluation was carried out by using the modified 
method of Friedman (MFR) [22] and the advanced nonlinear method proposed by Vyazovkin (Vyaz) 
[24,26]. The apparent activation energy as a function of the extent of conversion was calculated 
considering an increment ∆𝛼 = 0.01. In all cases, the E values obtained by applying both the MFR and 
Vyaz methods are very close to each other. 
For α-TiP sample, Figure 7 shows two distinguished zones for the activation energy corresponding to 
the loss of water. The first zone, for the conversion range 0.15 ≤ 𝛼 ≤ 0.50, is associated to the 
evacuation of hydration water with an average activation energy of 70 kJ mol
-1
. The second conversion 
range, 0.60 ≤ 𝛼 ≤ 0.90, corresponds to the loss of condensation water and the activation energy is 
relatively higher, about 205 kJ mol
-1
. These results show a good agreement with the experimental TG-
DTG curves (Fig. 5a).  
The E – α curves for the other two materials, α-TiPPr in Figure 8a and α-EuTiPPr in Figure 8b, have a 
more irregular shape due to the overlapping mass loss processes. For a better understanding of this 
behavior, we have plotted both the apparent activation energy and the mass spectrometry signals (m/z 18 
H2O, m/z 44 CO2, and m/z 59 C3H7NH2) versus the extent of conversion for these two compounds. In the 
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case of α-TiPPr, Figure 8a, a part of the hydration water is lost for 𝛼 < 0.2, and then, over the extent of 
conversion range 0.2 ≤ 𝛼 ≤ 0.5, a part of the propylamine is lost and the value obtained for the apparent 
activation energy is ca. 95 kJ mol
-1
. The first loss of water takes place in two overlapping steps, which are 
difficult to distinguish by thermogravimetric analysis, and the intercalated propylamine is lost in several 
overlapping steps [31]. When 𝛼 = 0.65 (see Fig. 8a), E reaches a maximum value of 300 kJ mol-1 that 
can be associated with the loss of the remaining hydration water and propylamine. For 𝛼 ranging 
approximately between 0.65 and 0.85, the apparent activation energy is about 160 kJ mol
-1
 and attributed 
to the loss of the condensation water. These experimental results match with the theoretically calculated 
extent of conversion: 𝛼 between 0.12 and 0.69 for the loss of hydration water and propylamine, and 𝛼 = 
0.88 for the loss of condensation water.  
For -EuTiPPr, the E – α and 𝑚 𝑧⁄ − 𝛼 curves are shown in Figure 8b. In the first stage, for 𝛼 
between ca. 0.1 and 0.4, the apparent activation energy is practically constant (ca. 50 kJ mol
-1
). It 
corresponds to the largest loss of the hydration water. In the second stage, for 𝛼 between ca. 0.45 and 
0.65, the loss of hydration water is finished and the loss of propylamine is detected. Finally, when 
𝛼 > 0.65, the 𝑚 𝑧⁄ − 𝛼 curves show the loss of both condensation water and propylamine.   
When a collection of values 𝑦𝑖 , 𝑖 = 1, … , 𝑛, is approximated by the values 𝑦𝑖
∗, the correlation factor 
given by 𝑅2 = 1 − ∑ (𝑦𝑖 − 𝑦𝑖
∗ )2/ ∑ (𝑦𝑖 − ?̅?)
2𝑛
𝑖=1     
𝑛
𝑖=1     ,.where ?̅? = ∑ 𝑦𝑖
𝑛
𝑖=1 /𝑛, informs about the 
goodness of the approximation. In this study, the excellent agreement of both MFR and Vyaz methods 
with the experimental data, in the whole temperature range and for several heating rates, is illustrated by 
the values of the correlation factor R
2
 summarized in Table 2. As can be seen, in all cases R
2 
is near 1. 
Apart from that, Figure 9 shows the reconstructed conversion curves and the experimental ones obtained 
in the laboratory for the three compounds at a heating rate 𝛽 = 10 K min-1. 
Conclusions 
We have shown that the chemical modifications of the parent α-TiP compound could be successfully 
performed by taking advantage of its intercalation and ion-exchange properties. The morphology of the 
particles for the intercalated and ion-exchange forms (α-TiPPr, and α-EuTiPPr) is apparently similar to 
the parent α-TiP compound. However, solid-state NMR and thermal analysis were able to detect 
structural differences between these three compounds. In addition, the apparent activation energy was 
estimated for the thermo-oxidative decomposition stages observed in TG experiments for all the studied 
materials. An excellent agreement between the both applied MFR and Vyaz methods and the 
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experimental data was obtained. 
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Table 1. 
31
P MAS NMR chemical shift values of the peaks observed in the spectra shown in Fig. 3 
α-TiP α-TiPPr α-EuTiPPr 
-18.4 
-18.7 
 
   1.5 
-12.4 
-14.3 
-14.8 
-15.2 
-16.9 
-17.5 
-18.4 
-19.7 
-20.9 
-22.5 
-11.4 
-15.0 
-19.6 
-23.6 
 
 
 
 
 
 
 
Table 2. Correlation factor in the fitting of the conversion obtained for the MFR and Vyaz 
methods, as a function of the heating rate (β, in K min-1) 
 
 
 
 
 
 
 
 
  
Sample Method  β = 2.5   β = 5  β = 10   β = 20   β = 40 
α-TiP 
MFR 0.98564 0.95813 0.96282 0.96941 0.99771 
Vyaz 0.99251 0.96500 0.96589 0.96760 0.99475 
α-TiPPr  
MFR 0.99897 0.99886 0.99930 0.99909 --- 
Vyaz 0.99820 0.99886 0.99924 0.99879 --- 
α-EuTiPPr 
MFR 0.99833 0.97167 0.99662 0.99935 --- 
Vyaz 0.99694 0.96757 0.99518 0.99904 --- 
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FIGURE CAPTIONS 
Fig. 1 XPD patterns for α-TiP (a), α-TiPPr (b) and α-EuTiPPr (c). 
Fig. 2 SEM images for α-TiP (a), α-TiPPr (b) and α-EuTiPPr (c). 
Fig. 3 
31
P MAS NMR spectra for α-TiP (a), α-TiPPr (b) and α-EuTiPPr (c). These spectra show the 
number of observed peaks in each sample (a: 2 peaks, b: 11 peaks, c: 4 peaks) and the chemical shift for 
each peak is illustrated in Table 1. 
Fig. 4 
13
C CPMAS NMR spectra for α-TiPPr (a) and α-EuTiPPr (b). Spectrum (a) shows 3 peaks and 
spectrum (b) no relevant peak is observed. 
Fig. 5 TG (▬) and DTG (▬) curves for α-TiP (a), α-TiPPr (b) and α-EuTiPPr (c) obtained at 10 K min-1 
heating rate in O2-atmosphere. 
Fig. 6 MS-signals of evacuated vapours on the TG-experiment [m/z 18 for H2O, m/z 44 for CO2, and m/z 
59 for C3H7NH2] for α-TiPPr (a) and α-EuTiPPr (b). 
Fig. 7 Dependence of the apparent activation energy on the extent of conversion for -TiP. 
Fig. 8 Apparent activation energy and MS-signals of evacuated vapours [m/z 18 for H2O, m/z 44 for CO2, 
and m/z 59 for C3H7NH2] versus extent of conversion for -TiPPr (a) and -EuTiPPr (b). 
Fig. 9 Experimental and reconstructed 𝛼 − 𝑇 curves at 10 K min-1 heating rate for -TiP (a), -TiPPr (b) 
and -EuTiPPr (c). 
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